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ABSTRACT: High explosive charges were fired in a flooded quarry havinj;
a refractive sound velocity structure, in order to observe shock 4ave
pressure histories at caustics, or focal surfaces. For such regions,
present theoretical understanding and conventional acoustic ray-tracing
techniques are inadequate. Peak pressure amplification factors up to 5.8
were measured; the smaller the charge, the more extreme the focusing.
Energy flux density was also enhanced, but impulse per unit area was
relatively unaffected.,
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SYMI~S IAD UNITS.

Symbol Units Explanation

z ft depth
*c ft observed depth of caustic for given shot

C
x ft horizontal charge-to-gage distance

R ft radial charge-to-gage distance

W lb charge weight

p lb/in2  pressure, above hydrostatic

t specified time
Pm(iso) lb/in2  initial shock wave peak pressure in

isovelocity water

e time units time constant of exponential decay

PM rb/in2  maximum p in refractive water for given
pressure-time record

F dimensionless peak pressure amplification factor,
m

defined by I =m
p 7(iso)

Fr

Fp(max) dimensionless maximum FP measurea on smoothed curve
of F vs (z - z^) for a given test
condition

Tz ft vertical caustic thickness as defined
in Section VI. B.

.0 I b/in 2  maximum p observed for first caustic-
related arrival

P2 ]b/in2  maximum p observed for second caustic-
related arrival; multi-peak records
only

Pl(rise) lb/in2  Pl - precursor pressure at t = tc

I lb/in2 -sec "total impulse" in refractive water, defined

by I = ip dt

I lb/in2 -sec "caustic-related impulse" in refractivec tti

water, defined by Ic = p dt
C It

c
t time units arrival time , first caustic-relatedL

c pressure increase
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SDMBOLS AND UNITS (continued)

Symbol Units Explanation

t i  time units upper integration limit used in this
study for pulses in refractive water;
t=t i at p = .07 pm

dimensionless impulse amplification factor for "total

timpulsei o

F., dimensionless impulse amplification factor for "caustic-
LC related impulse" I

f p dt) io
F dimensionless energy amp ification factor, defined by

E P2 dtlrefr

p2 dt]iso

FE(max) dimensionless maximm FE measured on smoothed curve
of FE vs (z - zc) for a given shot
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REFRACTION OF UNDERWATER EXPLOSION SHOCK WAVES:
PRESSURE HISTORIES MEASURED AT CAUSTICS IN A FLOODED QUARRY

I. INTRODUCTION

Experimental and theoretical studies (Refs. 1" 2, 3)* have shown
that the propagation of underwater explosion shock waves can be strongly
influenced by gradients in the propagation velocity. Such gradients,
which commonly occur in the ocean, refract pressure waves so that at
particular points of observation, the pressure amplitudes and wave shapes
(pressure vs time) may differ from those that would have been observed
in isovelocity water.

There is particular interest in those regions of the pressure field
where the shock wave is focused. Focal points, lines, and surfaces are
called caustics. Underwater acoustic and shock wave propagation experi-
ments have verified theoretical indications that pressure amplitudes at
and near caustics can be substantially greater than those that would be
expected in the absence of refraction.

The quantitative prediction of shock wave pressures at caustics is
a difficult problem. The conventional ray tracing methods that are
commonly used for acoustic refraction calculations are not rigorously
valid for a pressure pulse that has a broad frequency spectrum, that
emanates from a source of finite size rather than fi-om a point source,
and that has a finite (non-acoustic) amplitude. Although these conven-
tional methods yield acceptable predictions iv. many regions of a refrac-
tive field, their limitations become critical in caustic regions (Ref. 1).
In particular, unmodified conventional ray cal.culations unrealistically
indicate infinite pressure at the caustic.

The experiment reported here was performed in order to obtain the
data required for a better theoretical understanding of the caustic and
for the development of improved prediction methods.

Explosive charges were fired in a flooded quarry having a sound
velocity structure that was a scale model of a common type of oceanic
sound velocity structure. The innovation in this experiment was the
concentration of a finely-spaced earay of pressure gages at the caustic
in order to observe in detail the spatial variation of the pressure
pulses in this region.

II. SUMMARY OF RESUIS

Pressure histories in the region of the caustic were observed as a
function of charge size, firing depth, and distance from the charge.

* References are given on page 13.
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Each pressure history exhibits up to four arrivals, each identifiable
by its characteristic pressure-vs-time form and by the angle at which the
particular wave front was observed to sweep across the gage array.

The peak pressure in the pulse was observed to undergo refractive
amplification by factors up to 5.8, depending upon the test conditions.
In general, the smaller the charge size, the sharper is the region of
focusing and the greater is the maximum value (i.e., right on the caustic
itself) of the peak pressure amplification factor. Although the degree
of focusing was observed to vrary also with variations in the firing depth
and the distance from the charge, no reliable uniform trends were discerni-
ble.

The refractive amplification of shock wave energy flux density appears
to occur in a similar manner and with roughly similar magnitudes to the
peak pressure amplification. Except at the close-in ranges, however, maxi-
mum energy amplification apparently takes place below rather than at the
caustic depth.

Shock wave impulse amplification factors remain much closer to unity
than do the pe- k pressure and energy factors. Values of impulse factor
do not go throuk. -% maximum at the caustic position.

These results are described and discussed more fully in Sections
V and Vi. A comparison of the experimental results with theory is J.n
progress but is not reported herein.

III. EXPERIMENAL ARRANGEMENTS

The experiment was performed during August-September 19& in a
flooded quarry known as Dickerson Quarry, near Dickerson, Maryland.
Figure 1 is a photograph of the experimental layout.

The quarry extends 250 ft x 500 ft, and has a maximum water depth
of 70 ft. No currents were discernible. The surface state varied from
glassy to having small ripples.

The main longitudinal wire cable, with plastic foam floats attached,
was extended between two rafts which were restrained by ropes tied to
trees. The 15 pressure gages were suspended through a hole in the gage
raft. The charge was suspended from a point along the longitudinal cable,
at a horizontal range which varied from 160 ft to 300 ft on the various
shots. One vertical string of electrical temperature sensors was sus-
pended from a float at Temperature Station 1, 15 ft laterally from the
gage raft; and a second string was at Station 2, near the charge end of
the quarry. The various signal and control cables, al. with foam floats,
extended to the instrumentation trailers at the edge of the quarry.

'Die 32 charges were bare, centrally-detonated, cast pentolite spheres
of four different weights, approximately 1/8, 1, 8, and 53 lbs. Charges
were fired at depths of 25, 35, and 50 f-.

2
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The pressure sensors were 1/2-inch diameter tourmaline piezoelectric

gages, with a Bostik coating that appears to yield a somewhat more valid
and reproducible gage response than the wax coatings used in previous
experiments.

The gages were mounted on wires stretched along a steel frame, as
shown in Figure 2. The gages were, at first, spaced over a 32-inch
vertical span, with one-inch vertical spacing at the center of the array
and increasingly greater spacing toward the top and bottom, Then, begin-
ning with Shot 1097, the vertical spacings were increased--roughly
doubled. The gages were staggered laterally, in order to increase the
distances between gages and thereby minimize mechanical reflections of
the pulses. The gage frame was suspended, by several sections of pipe,
from a gallows over the hole in the gage raft. The depth of the gage
frame was varied by raising and lowering the pipe, removing and adding
sections. The gages were directed edge-on toward the charge.

Voltages proportional to the instantaneous pressures sensed by each
gage were displayed as vertical deflections of a spot on an oscilloscope.
The deflections were photographed by a rotating drum camera, to produce
pressure-vs-time traces. The upper limit of the frequency response of
the recording system was determined largely by the size of the gage; a
sudden rise in pressurs was recorded with a 10 tsec rise time.

The temperature sensors were thermistors spaced along a vertical
array suspended from each of the two temperature station locations.
There were 15 thermistors at Station 1 and 8 thermistors at Station 2.
Near each shot time the thermistors were sequentially switched into a
special bridge circuit in the instrumentation trailer, and temperatures
were read on a direct-reading meter.

We endeavored to place the center of the gage array at the depth of
the caustic on each shot. For most shots this was attempted by probing
for the caustic produced by an acoustic signal. First, the gage array
was centered at the caustic depth expected on the basis of calculations
for a pre-experiment profile, or on the basis of data from preceding
shots. Then, after the charge -as placed, an expendable piezoelectric
transducer at the charge location was repeatedly driven to produce an
acoustic pulse, while the gage frame was raised and lowered incrementally.
The output of a hydrophone mounted at the center of the gage array was
observed on an oscilloscope to determine the depth of the caustic. It
was expected that this depth would be indicated by a maximum in the amp-
litude of the received pulse and by the vanishing of the time difference
between the two caustic-related pulses. Unfortunately, however, the
transducer produced an oscillating output which in many cases made the
interpretation ambiguous. Even so, the placement of the gage array
turned out to be adequately successful throughout the experiment.

3
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IV. GENERAL NATURE OF THE EXPECTED PRESSURE FIELD

Figure 3 shows the type of velocity profile which occurred in the
quarry and the resultant ray diagram calculated for it. TI'is profile
has been slightly idealized in order to incorporate all the major features
e' -atered throughout the experiment and show how the location of the
gat, string was varied in an attempt to make measurements in the several
regions of interest.

Consider a charge fired at 35-ft depth and a pressure gage at 30-ft
depth placed at any horizontal distance out to about 150 ft. Such a gage
would register a pressure pulse arriving along a slightly bent but fairly
direct path fron the charge. This pulse should look like a "typical"
shock wave propagated in isovelocity water. As we move the gage farther
away from the source, however, we see that in addition to a direct shock
arrival, we will be measuring other pulses which have traveled via dif-
ferent routes at varying velocities.

Suppose we now place our gage at. a range .of 260 ft and vary its
depth. What will be the effect on the pressure-time histories? Let us
first consider a gage placed at the caustic. This is a region in which
adjacent rays converge and intersect rather than diverging as under
isovelocity conditions. One would expect a gage placed at the caustic
to measure a pressure higher than that in the isovelocity case since
there is a focusing of energy here. If we now move our gage deeper, we
see that there will be two different groups of rays reaching it: those
approaching the caustic along a fairly direct path (to be designated
as the "first caustic-related arrival") and those reaching the gage after
having already touched the cauastic (to be designated as the "second
caustic-related arrival"). The groups arrive in this order because the
greater average velocity of the second group of rays does not quite com-
pensate for their longer path of travel. One would expect to see double-
peaked pressure-time histories in this region. The farther below the
caustic the gage is placed, the greater will be the time difference
between the two arrivals. Just above the caustic is a region called the
"pseudo-shadow zone", into which no conventionally computed rays penetrate.

Another type of arrival we can trace is the wave reflected from the
free water surface as a rarefaction wave. This pulse, which travels a
longer ray path, is usually evident as a pressure decrease superimposed
on the positive pressure pulse when the reflected wave arrives at the
gage. The first portions of the reflected paths are shown as dashed lines.

With different charge depths and changing temperature conditions,

the actual position of the caustic formed by the major velocity gradient
of the quarry profiles varied from shot to shot. In some cases, the
calculated caustic had two branches. Also, a shallow caustic sometimes
occurred on warm afternoons as a result of a small negative gradient near
the water surface.

4
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V. EXPERIMENTAL DATA

A. Long-Range Data
The coordinates of the pressure -vs-time traces anL calibrating

traces on the f'ilm records were measured on a Telereadex, a mechanical
record reader with punched-card output. Resulting data points were
processed by an IM 7090 computer and a CalComp plotter, to produce
plots of pressure* vs time, both in conventional units and in reduced
units. All the plots of the latter type are shown in Figure 4. In
these plots, unit pressure and unit time are the peak pressure and the
decay constant; respectively, of a pulse that would be expected** at
the particular gage location if refractive effects were absent.

In Figure 4 the shots are grouped according to test conditions:
charge weight, firing depth, and horizontal range. For each shot the
records are shown in order of increasing gage depth and are aligned in
time, not with respect to an absolute time reference, but rather to the
time of each record's own first observable pressure signal. All records
are drawn to the same scale of the reduced uiits, P/Pm(iso) vs t/e. An
unrefracted pulse, having isovelocity values of pm(iso) and 8, and drawn

to the same scale, is shown for comparison purposes in Figure 4a.

Table I presents the values of several useful types of quantities
derived from the pressure records. First, for each gage depth, the
highest observed pressure (above hydrostatic) for each measurable peak
is given. Also included is the increase in pressure at t = tc due to
the first (or only) caustic-related arrival, along with the ratio of this
pressure rise to Pm(iso). The quantity Pm is the maximum shock wave
pressure observed (or extrapolated***)in a particular record; values of

fp dt and p2 dt are also presented. In addition, Table I lists amplifi-

cation factors (as defined in List of Symbols) for pm, p dtandlp dt"

An especially significant quantity is the peak pressure amplifica-
tion factor, Fp, defined as Pm/Pm(iso). This quantity indicates the

* All pressures are measured as excess above hydrostatic.
** "Expected" isovelocity peak pressures were obtained by averaging the

values computed with the two similitude equations reported in Refs.
4and 5 for pentolite. The similituqe equations are empirical descrip-
tions of Pm(iso) as a function of Wl/3/R in homogeneous water.

*** Extrapolation is performed to compensate for distortion in the recorded
pressure peak due to the finite size of the gage. Because of the great
variation in pulse shapes, the usual method of determining pm by a
straight-line extrapolation on a semi-log plot, suitable for exponen-
tially-decaying pulses, was not used. (See Ref. 6). Rather, a linear
plot was used, and a simple straight-line extension of the initial
decay back 5 usecs (-1/2 the gage transit time) from the apparent peak
was made. Only those peaks whose sharpness was obviously limited by
gage response were extrapolated. This method of extrapolation is
admittedly subjective.

5
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observed peak pressure relative to that which would have been observed
in isovelocity water, all other things being equml. Thus, the pressure
factor completely suppresses the first order effects of charge yield
and test geometry upon the peak pressure and indicates only the effects of
refraction and of the interactions of refraction with charge size and
test geometry. These interactions are the primary interest of this study.

In order to compare values of impulse and energy flux among the

refractive .3ulses and with reference isovelocity pulses, comparable

durations must be used for integration of the pressure-time histories.
Figure 5 shows sketches of a ty *cal pressure pulse in isovelocity water
(approximated as p = P,(iso) e'/U )* and a sample of one of the various
pulse shapes obtained under refractive conditions. In explosive compari-
son studies, integrations of the simple exponentially-decaying pulses
are usually carried out to the arbitrary standard limit t = 50, as shown
in Figure 5a, the isovelocity case. But a limit stated in terms of 9
is not generally applicable to the shapes of refractive pulses. Study
of records from previous isovelocitv experiments indicates that at the
time t = 59, the pressure in the shoci. wave has fallen to roughly .07
of its value at the peak. For the present analysis, it was therefore
decided to carry out integrations to the time, to be designated as ti,
at which the pressure has decreased to .07 pm.

In the refractive case, as represented in Figure 5b, the pressure
pulses vary in shape, with the "caustic-related" shock wave having one
or more "peaks" and sgMetiwes being tpreceded by an earlier arrival. The

values reported for p dt andi p dt were measured over the inter-
val from the first observed increse in pressure (t = 0) to the time
t = ti . The first quantity has been designated as the :total impulse", I.
In cases having arrivals preceding the first caustic-related shock front,
"1caustic-related impulse", Ic, designates p i p dt, where tc = arrival

time of first caustic-related pressure increase. The desigaation "caustic-
related impulse" is not strictly accurate, since an undeterminable amount
of non-caustic-related impulse may persist beyond tc.

B. Near-Field Data
In addition to the string of gages at long ranges, one pressure gage

was placed at a radial distance of 10 ft from the charge to obtain refer-
ence measurements of unrefracted pulses. Pm(iso) and 0, the decay
constant, were measured by extrapolation of semi-log plots of pressure
vs time as in Ref. 6.

With the average of similitude values given by Ref. 4 and 5 as the
standard for comparison, the average values of p were generally
high but within normal scatter for all but the smtlest size charge;
i.e., 4% high for the 53-lb charges, 8% for the 8-1b charges and 2%
high for the 1-1b charge size. The 0.122-lb charges averaged 25% lower

* For general discussion of underwater explosion shock waves, see
Ref. 7.

6
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peak pressure than the average similitude values. But the peak pressure K
extrapolations in this case are unreliable because of very large oscilla- V
tions in the traces.

The time constant, 0, fell within normal scatter even in the case
of the smallest charges.

C. Velocity Profiles
From one to three sets of temperature readings were taken for each

shot, with one as close as possible to (usually prior to) the time of
firing. Temperatures were converted to sound velocities using Wilson's
equation for distilled water (Ref. 8).

Velocity profiles for each station are tabulated in Table II. The
accuracy of the values given is limited by precision of meter reading,
of the calibration curves, and of Wilson's equation. It is estimated
that the velocities may be in absolute error by as much as 2 ft/sec,
but that the relative error within each profile, the more signifCicant
quantity in this experiment, is probably substantially smaller.

Figure 6 is a velocity profile plot showing average curves (usire
data points from both stations at one or more times close to shot tirle)
for each of three different shots. These three profiles indicate the
range of variation occurring during the firing program. Shot 1078 was
the first shot ±fred (8/18/&); Shot 1091 was fired about midway in the
series (8/31/a5); Shot 1109, fired on 9/14/64, was the final shot of the
program. In addition, the upper portion of the profile for Shot 1106
(9/11/64) is included to indicate the variations which occurred in the
shallow layer with the passage of time.

'he curve identified by a 5 was obtained on the day following the final
shot. This profile is the result of lowering a single thermistor very
slowly, with a much finer depth spacing between temperatuare readings than
was employed previously. These measurements were made following an
unusually cool and windy weekend, during which the surface layer cooled
appreciably. X.4hether the gradient discontinuity observed in this profile
was actually present during any of the firing program is not known. The
profile shapes and locations of data points are such that a discontinuity
prior to Shot 1099 seems highly unlikely. Subsequent to Shot 1099, how-
ever, the possibility seems to increase with the passage of time and
cooling of the upper layer of water.

VI. DISCUSSION OF RESULTS

A. Arrival Times and RaM Angles
Using plots of arrival time vs gage depth, we can calculate for each

shot the angle at which each particular pressure front traversed the
vertical gage string. The scatter of data points in the present study,
however, limited the accuracy. Table III lists the calculated angles of
arrival of all four types of wave fronts observed: the first and the

7
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second caustic-related arrivals, the precursor, and the surface-reflected
arrival.

All four types of wave fronts arrived at small downward angles,
sweeping across the gage string from top to bottom. In each case the
first caustic-related wave front arrived along the smallest downward ray
anglh-, and the second arrived along a slightly greater downward angle.
The precursor, in cases where present, usually arrived at a greater angle,
and the surface-reflected wave usually arrived at the greatest angle.

The application of Snell's Law to the arrival angle of the precursor
wave front indicates that the beginning of the precursor arrived along
a ray having a vertex velocity such that its vertex must have occurred
somewhere within the high-velocity near-surface layer. This indication
is consistent with the finding that the precursor occurs only at gages
in regions where the calculations show this type of arrival to be pos-
sible.

The angles listed in Table III were determined assuming a vertical
gage array. During the ray angle analysis, it was found that the array
probably deviated from vertical by about 1 to 3 degrees, with the top
end tilted toward the charge. This was taken into account in determining
the path of the precursor wave front.

B. Pressure Distribution in the Caustic Region*
The spatial variation of peak pressure amplification factor, F ., in

the caustic region is of major interest. For each set of shots hav[n
the same nominal test conditions, plots representing this variation were
superimposed on the same graph in order to reduce the uncertainty due to
experimental scatter. For the same test conditions, the plots appeared
to have similar shapes; but the depths of maximum F varied somewhat--
a result to be expected with a velocity profile tha? varied slightly
from shot to shot. Therefore the superimposed plots are drawn with
reference to each shot's depth of maximum F , designated as the caustic
depth, rather than to the absolute depth. figure 7 illustrates the
difficulties one encounters in attempting to determine the depth of
maximm Fp, especially if one or more points in this region appear to
be in error. Figure 8 (a through n) shows the composite plots with the
original data points and a smooth average curve drawn through them**.

* The two shots at 160-ft range (1091 and 1092) and the three shots with
gages in the near-surface layer (1088, 1098, and ll1) are not included
here, but are discussed separately in VI. E.

** A rough calculation was made of the deviation of data points above
and below the average curves shown in these figures. Considering those
conditions for which there was only one shot, the approximate spread of
points was about ± 5%. For the cases with three or more shots at one
nominal test condition, the overall spread of points was about ± 8%,
with perhaps the same spread or slightly less in the immediate vicinity
of the peak.

I' -
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If we now use the average curves obtained in the above manner, we
can attempt some comparisons among the various firing conditions tested.
One must bear in mind when doing this, however, both the large degree of'
scatter, well documented over years of experience in underwater explosion
shock wave measurements, and the probable errors resulting from the
subjective nature of many of the measurements made during analysis of
the present experiment.

The distribution of peak pressure amplification factors in the
caustic region can be characterized by the sharpness of the curve of Fp
vs vertical distance from the caustic. A quantitative measure of this
sharpness can be obtained from the peak pressure amplification factor
at the peak, F c. , and the distance between the points of inflection
of the curve e quantity T,*, which may be thought of as the vertical
caustic thickness. F and Tz are listed in Table IV for all the
test geometries and ami ptted in Figures 10b and I.Oc vs charge diameter.

In Figures 9, 10, and 11, the smooth average curves from Figure 8
are compared with each other in combinations that illustrate the effects
of vax-ying, respectively, the charge depth, the charge size, and the range.

Figures 9a, 9b, and 9c illustrate, each for a different charge weight,
the effect of varying the charge depth, while holding range constant at
300 ft. No uniform trends are apparent, for either Fop ' or T .p maxj z
However, this result does not disprove the existence o relationships
too small to be discerned through the experimental scatter.

The effect of charge size (for charges fired at 35 ft and gages
placed at a horizontal range of 300 ft) is indicated by the plot of
average curves for all four charge weights tested (Fig. lOa). Here we
can see that the general effect of increasing charge size is to broaden
and flatten the curve (i.e., to decrease its sharpness).

The values of FnCmax) from the curves of Figure 10a are plotted in
Figure lb as a function 6f charge diameter. Fp(max) decreases substan-
tially as charge diameter increases. The value of 5.1 for the smallest
charge is about 38 percent higher than the value of 3.7 fcr the largest
charge. It may be seen in Table IV that no tre.d of this magnitude is
evident for the other test geometries.

The vertical caustic thicknesses from Figure 10a are plotted in
Figure lOc as a function of charge diameter. Tz appears to be approxi-
mately proportional to the charge diameter, except for the smallest
charge. This exception, and other data in Table IV, suggest the existence
of a lower limit of about 0.7 ft in the quarry tests.

* In order to make the determination of Tz as objective as possible, this
quantity was determined by observing the relative maxima and minima on
plots of slopes of straight-lihe segments drawn between data points

(i~vs z).
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Figure 11 shows the effect of range upon the peak pressure amplifi-
cation factor distribution. Curves are shown for 0.122-1b and 8-1b shots
with a charge depth of 35 ft, for which data are available at three
ranges. Figures lla and lib show that for both charge sizes, the curves
are sharper at the 190-ft range than at the 300-ft range. The data for
the 230-ft range, however, indicate a non-uniform trend which is incon-
sistent betuieen the two charge weights. The reliability of the range
effect data is therefore put in doubt. But for what it may be worth,
Figure llc suggests that a decrease in range from 300 ft to 190 ft sharpens
the curve by about as much as does a decrease in charge weight from 8 lbs
to 0.122 lb.

It shou'd be noted that for the 0.122-1b charges the peak pressure
values measured close to the charge (i.e., the isovelocity values) in
this experiment fell approximately 25% below those predicted by previous
studies (see Section V. B.). If this difference is indeed real, then for
the smallest charges actual pressure factors are about 1/3 greater than
are reported herein.

C. Impulse
According to the Impulse Theorem (Ref. 9), at a given point in an

unbounded medium, the impulse of a pressure pulse, integrated to infinite
time, is independent of the velocity structure of the medium. This
implies that no matter what changes in peak pressure and pulse shape
occur in refractive water, the impulse will be the same as it would have
been at the same point undpr isovelocity conditions. Study of the
pressure-time records from the present experiment indicates agreement
with the finding of Ref. 1 that a refraction-induced increase in peak
pressure is accompanied by a compensating tendency for the pulse to
decay more rapidly than in isovelocity water.

The present data do not provide a rigorous test of the Impulse
Theorem because the noise and the time constant of the recording system
limit the time to which impulse can be accurately integrated. However,

as a matter of interest, plots of impulse amplification factors for both
"total impulse" (F ) and "caustic-related impulse" (FI ) (both defined
in List of Symbolsi vs vertical distance from the caustic were made.
Figures 12 (a through g) show a few representative plots, with the simili-
tude values from Ref. 10 used for isovelocity impulse. For a straight
line eye-fitted through each set of data points, the following general
observations can be made*:

1. The impulse plots have no peak at the caustic. The general
tendency, within the limits tested, appears to be an increase in impulse
with increasing depth, regardless of caustic location. Also, in general,
the smaller the charge, the larger the impulse amplification factor.

2. For records having no precursor: Except for the 1/8-1b shots,
under all conditions tested the FI lines fall close to unity; for the

* The three shallow layer shots. (1088, 1098, 1101) are not included in
this comparison since surface reflection occurred early in the decay.

10
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smallest charge the impulse is 15 to 60% greater than isovelocity
values.

3. For records having precursor, "total impulse": Except for
0.122-lb shots, all lines have nearly zero slope. The 33- and 8-1b
values fall within about 10% of the isovelocity impulse; 1-lb shots
give impulse amplification factors of 1.11 to 1.30.

2. For records having precursor, "caustic-related impulse": Since
precursor impulse decreases with increasing depth because of arrival
time relationships, all lines have definite negative slope. All 8-1b
shots fall below the isovelocity value; some 1-1b shots lie below, some
are slightly higher than isovelocity (up to 1O%) for the deeper gage
positions. The range of impulse amplification factor values for the
53-1b charges is from 0.6 to 0.9.

5. For 0.122-1b records having precursor: Measurements of "total
impulse" for all gage positions lie above the isovelocity values. All
FI lines have negative slope, with values at the upper end of 1.65 to
1.9. "Caustic-related impulse" lnes generally have greater slope,
with the lower end falling below unity and the higher end about the same
as or slightly lower than the "total impulse" line. The portions of
these lines from double arrival records all fall above the isovelocity
values.

D. Shock Wave Energy Flux Density
For simple pressure pulses having amplitudes as low as those observed

in this experiment, the energy flux density is, to a close approximation,
given by:

I =P dt

where p and co are the ambient density and sound velocity cf the water.
This reiationship is not strictly valid in cases where pressure waves
from different directions are superimposed at the gage point. For the
purpose of this report, -e consider not strictly the energy flux density,1 p2
but rather the measurable quantity 76 jpo dt. Differences in poCo will

be ignored, since this quantity varies by only 1% in the cases analyzed
here.

Using poco = 5.26 lb'sec'in "3 and average similitude values for energy

flux density (Ref. 10), isovelocity values of f5e 5p2 dt were calculated

for comparison with experimental data listed in Table I. Figure 13 (a
throcuh g) shows representative plots of energy amplification factor, FE
(definad in List of Symbols) vs vertical distance from the caustic.
Although the seatter is large, some general observations can be made:

1. For all ranges, FE(max) increases as charge size is decreased.

2. For a given charge size, FE(max) increases with decreasing charge-to-
gage dlsi.ance (except for W 8 at x - 190, which is based on one shot only).

11
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3. FE(max) is approximately equal to the maximum peak pressure
amplification factor, Fp(max), for the 8- and 53-1b charges; but for the
two smallest size charges, FE max) increases at a faster rate than Fp(max)
as the gage is moved closer t e charge.

4. At x -= 190, the F curves rise to a relatively sharp peak at the
caustic, after which they fall off rapidly, so that the curve is nearly
symmetrical about the caustic depth.

5. As range increases, the curves become broader, and the peak is
reached at some point below rather than at the caustic. At x = 300, the
peaks are very broad, and the curves maintain a fairly high level to
depths well below the caustic, despite a decrease In corresponding pres-
sures.

E. Additional Results
The preceding sections treat data from all but five of the 32 quarry

shots. For two of these remaining shots (1091 and 1092), data were
obtained in the region off the near end of the caustic (x = 160 ft).
This is a region in which the rays do not cross but are converging.
Therefore, we would expect peak pressures somewhat greater than isovelo-
city. The peak pressure amplification factors measured .for these two
shots ranged in value from 1.5 to 2.8.

For the other three shots (1088, 1098, and 101), the gage string
was placed near the surface in order to make measurements in a shallow
caustic zone. On Shot 1088, for which either there was no shallow
caustic or else the gage string was relatively ,%r from the caustic,
peak pressures were less than half the isovelocity values. On Shot 1101,
for which the uppermost gages were close to the caustic, peak pressure
amplification factors ranged up to - 0.9. The gage string passed
through the caustic on Shot 1098 giving a maximum F of - 1.5. While

p
this value, compared with even non-caustic peak pressure amplification
factors discussed in previous sections at first may seem rather low
for a caustic region, it is explainable by noting (see Fig. 3) that the
caustic forms from an already highly-divergent group of rays.
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scales as the isovelocity pulse shown above.
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length t=0.
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TABLE II TABULATION OF VELOCITY PROFILE DATA

SHCT NO. 1078 SHCT NO. 1078
DAT- 8/18/64 DATE 8/18/64
TIME OF FIRING 1419 TIME OF FIRING 1419
TIPE OF PROFILE 1405 TIVE OF PROFILE 1410

DEPTH (FT) SOUND VELOCITY IFT/SEC) DEPTH (FT) SOUND VELOCITY IFT/SEC)
STA. I STA. 2 STA. 1 STA. 2

0.17 4910.02 0.17 4910.C2
0.25 4902.48 0.25 4902.99
2.50 4898.12 2.50 4897.87
5.00 4896.48 5.03 4896.48
10.00 4895.54 4895.39 10.00 4895.54 4895.13
12.50 4894.81 12.50 4894.81
15.O0 4889.72 4892.06 15. 03 4890.76 4891.54
20.00 4801.63 4799.73 20.00 4801.63 4799.08
25.00 4747.86 25.00 4747. 26
30.00 4724.30 30.00 4724.:,0
35.00 4715.81 4718.66 35.0-3 4715.81 4717.89
40.00 4710.94 40.00 4710.94
45.00 4709.69 45.00 4709.69
50.00 4708.99 4710.l6 50.00 4708.21 4709.38
55.00 4708.99 55.00 4708.21
65.00 4703.89 4706.01 65,00 4703.89 47G6.01

SHOT NO. 1078 SHCT NO. 1079
DATE 8/18/64 DATE 81201/64
lIME OF FIRING 1419 TIME OF FIRING 1055
TIME OF PROFILE 1419 TIME CF PROFILE 1003

DEPTH (FT) SOUNC VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. 1 STA. 2 STA. I STA. 2

0.17 4909.53 0.17 4893.94
0.25 0.25 4891.77
2.50 4898.63 2.50 4891.96
5.O0 4896.48 5.00 4892.37
10.00 4895.80 10.00 4891.93 4891.51

12.50 4895.07 12.50 4891.71

15.00 4890.50 15.00 4889.72 4893.50
20.00 20.03 4802.93 4803.65
25.00 25.00 4749.31
30.O0 30.03 4726.58

35.00 35.30 4718.12 4719.43
40.00 40.00 4714.81
45.00 45.0 4711.25
50.00 50.00 4710.55 471l.94
55.00 55.00 4710.55

65.O0 65.00 4739.38 4711.48
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TABLE II CONTINUED

SHOT NO. 1379 SHOT NO. 1080
DATE 8/20/64 DATE 8/20/64
TIME OF FIRING 1055 TIME OF FIRING 1518
TIME OF PROFILE 1038 TIME OF PROFILE 1502

OEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. I STA. 2

0.17 4893.42 0.17 4913.91
0.25 4894.35 0.25 4907.96

2.50 4893.00 2.50 4808.12
5.00 4892.37 5.00 4893.40

10.00 4891.41 4891.51 10.00 46q2.19 4892.55

12.50 4890.67 12.50 4891.45
15.00 4890.24 4889.98 15.00 4888.15 4889.46

20.00 4801.63 4803.00 20.00 4802.93 4802.35
25.00 4748.59 25.00 4747.13
30.00 4725.06 30.00 4721.26

35.00 4716.58 4719.43 35.00 4714.27 4715.58

40.00 4712.49 40.00 4710.16

45.00 4710.47 45.00 4709,69
50.00 4709.77 4710.16 50.00 4708.99 4709.38

55.00 4709.77 55.00 4708.21
65.00 4707.03 4709.14 65.00 4703.89 4709.14

SHOT NO. 1080 SHOT NO. 1081
DATE 8/20/64 DATE 8/21/64

TIME OF FIRING 1518 TIME OF FIRING 1555

TIME OF PROFILE 1519 TIME OF PROFILE 1536

DEPTH (FT) SOUND VELOCITY IFT/SEC) DEPTH (FT) SOUNC VELOCITY (FT/SEC)
STA. 1 STA. 2 STA. I STA. 2

0.17 4914.88 0.17 4919.66

0.25 4908.20 0.25 4925.21

2.50 4899.39 2.50 4903.67

5.00 4893.92 5.00 4899. 3

10.00 4893.48 4893o59 10.00 4896.56 4897.18

12.50 4892.75 12.50 4894.81
15.00 4889.20 4891.02 15.00 4889.72 4889.98

20.00 4804.88 4810.74 20.00 4806.82 4801.69

25.00 4744.94 25.00 4749.31

30.00 4724.30 30.00 4726.58

35.00 4715.81 4719,43 35.00 4718.12 4719.43

40.00 4710.94 40.00 4714.81

45.00 4709.69 45.00 4711.25

50.00 4708.99 4710.16 50.00 4711.33 4710.16

55.00 4708.99 55.00 4710.55

65.00 4704.68 4710.70 65.00 4709.38 4710.70
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TABLE II CONTINUED

SHOT NO. 1081 SHOT NO. 1.)82
DATE 8/21/64 DATE 8/24/64
TIFE OF FIRIMG 1555 TIFE OF FIRING 12,)2
TIFE OF PROFILE 1600 TIME OF PROFILE 11)5

DEPTH (FT) SOXJND VELOCITY (FT/SEC) DEPTH (FT) LUUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. 1 STA. 2

0.17 4924.37 0.17 4919.19
0.25 4929.37 0.25 4913.33
2.50 49r.6.66 2.50 4911.57
5.00 4901.05 5.00 4910.00

10.00 4896.56 4897.18 10.00 49'"0.63 4904.25
12.50 4895.32 12.50 4897.88
15.00 4889.72 4889.98 15.00 4889.72 4889.46
20.00 4806.82 4804.30 20.00 4808.11 4808.17
25.00 4750.76 25.00 4749.31
30.00 4726.58 30.00 4726.58
35.00 4718.12 4719.43 35.00 4718.12 4720.19
40.00 4714.81 40.00 4715.58
45.00 4711.25 45.00 4712.80
50.00 4711.33 4710.94 50.00 4710.55 4712.49
55.00 4710.55 55.00 4710.55
65.00 4709.38 4710.70 65.00 4709.38 4719.70

SHCT NO. 1082 SHOT NO. 1083
DATE 8/24/64 DATE 8/24/64
TIME OF FIRING 1232 TIME OF FIRING 1527
TIME OF PROFILE 1145 TIME OF PROFILE 1315

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. I STA. 2

0.17 4921.55 0.17 4922.,)2
0.25 4912.85 0.25 4919.57
2.50 4912.55 2.50 4913.03
5.00 4910.49 5.00 4910.00
10.00 4900.12 4904.25 10.00 49011.64 4904.25
12.59 4898.90 12.50 4898.39
15.00 4889.72 4889.98 15.00 4893.36 4890.50
20.00 4'308.11 4806.88 20.00 4835.53 4807.53
25.00 4748.59 25.00 4749.31
30.00 4726.58 30.00 4725.06
35.03 4718.12 4729.43 35.00 4715.81 4719.43
40.00 4714.81 40.00 4710.94
45.00 4711.25 45.01 4710.47
50.00 471C.55 4710.94 50.00 4709.77 4713416
55.00 4713.55 55.00 4709.77
65.Jo 4708.60 4710.70 65.03 4797.03 4709.92
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TABLE II CONTINUED

SHCT NO. 1083 SHOT NO. 1083
DATE 8/24/64 DATE 8/24/64TIME OF FIRING 1527 TIME OF FIRING 1527
TIME OF PROFILE 1445 TIVE OF PROFILE 1530

DEPTH (FT) SOUND VELOCITY (FTI/SEC) DEPTH (FT) SOUND VELOCITY IFT/SEC)
STA. 1 STA. 2 STA. I STA. 2

0.17 4926,23 0.17 4932.65
0.25 4928.91 0.25 4928.91
2.50 4913.03 2.50 .1914.48
5.00 4910.98 5.00 4911.47

10.00 4902.64 4905.24 10.00 490365 4904,74
12.50 4899.41 12.50 4930.42
15.00 4890.24 4889.98 15.00 4899.72 489.1.02
20.00 4808.75 4808.17 20.00 4808.75 4804.30
25.00 4748.59 25.00 4750.04
30.00 4725.06 30.00 4726.58
35.00 4717.35 4719.43 35.00 471E.12 4722. 19
40.00 4710.94 40.00 4713.27
45.00 4710.47 45.00 4711.25
50.00 4709.77 4710.16 50.00 47n9.77 4710.16
55.00 4708.99 55.00 4 709.77
65.00 47)7.03 4709.92 65.00 4709.38 4709.92

SHOT NO. 1084 SHOT NO. 1084
DATE 8/25/64 DATE 8/25/64
TIME CF FIRING 1209 TIME OF FIRING 1209
TIME OF PROFILE 1100 TIME OF PROFILE 1214

DEPTH (Fv) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOJN VELOCITY (FT/SEC)
STA. I STA. 2 STA. I STA. 2

0.1? 4918.71 0.17 4922.9,
0.25 4912.36 0.25 4914.78
2.50 4912.06 2.50 4912..6
5.00 4910.98 5.00 4910.98
10.00 4904.65 4906.24 10.00 4903.65 4902.24
12.50 4900.92 12.50 4900.92
15.00 4888.15 4889.46 15.00 4888.68 4887.89
20.00 4807.46 4808.81 20.00 4808,75 4820.23
25.00 4749.31 25.00 4749o31
30.00 4726.58 30.03 4726.58
35.00 4718.12 4719.43 35.00 4718.12 4719,43
40.00 4710.94 40.00 4710.94
45.00 4710.47 45.00 4710.47
50.00 4710.55 4710.94 50.00 471C.55 4710.16
55.00 4709.77 55.10 47 9.77
65.00 4707.82 4709.92 65.00 4709.38 4710.70
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TABLE II CONTINUED

SHCT NO. 1085 SHCT NO. 1085
DATE 9/25/64 DATE 8/25/64
TIPE OF FIRING 1516 TIME OF FIRING 1516
TIP"6 OF PROFILE 1333 TIVE OF PROFILE l157

DEPTH IFT) SOUND VELOCITY IFT/SEC) DEPTH (FT) SOUNC VELOCITY (FTI/SEC)
STA. I STA. 2 STA. 1 STA. 2

0.17 4323.08 0.17 4928.54
0.25 4923.81 0.25 4925.21
2.50 4914.00 2.50 4915.93
5.00 4912.44 5.00 4911.95
10.00 4905.14 4906.24 10.00 4904.65 4905.74
12.50 490C.92 12.50 4900.42
15.00 4889.20 4888.94 15.00 4900.51 4890.50
20.00 4808.11 4807.53 20.00 4838.11 4803.00
25.00 4755.80 25.00 4750.04
30.00 4727.33 30.00 4726.58
35.00 4718.12 4719o43 35.00 4717.35 4719.43
40.00 4710.94 40,00 4712.49
45.90 4710.47 45 00 4710.47
50.00 4710.55 4710.16 50.00 4708.99 4710.16
55.00 4710.55 55.0 47C8.99
65.00 4709.38 4710.70 65.00 4706.25 4710.70

SHCT NV. 1086 SHOT NO. 1086
DATE t. 26/64 DATE 8/26/64
TIVE OF FIRING 1405 TIME OF FIRING 1405
TIME OF PROFILE 1238 TIME OF PROFILE 1350

DEPTH (FT) SOUND VELOCITY IFT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. I STA. 2

0.17 4918.71 0.17 4922.02
0.25 4916.23 0.25 4919.09
2.50 4914.00 2.50 4915.45
5.00 4913.90 5.00 4913.90

10.00 4907.13 4907.23 10.00 4906.63 4907.23
12.50 4901.43 12.50 4901.43
15.00 4889.20 4889.46 15.00 4889.72 4889.98
20.00 4810.67 4808.17 20.00 4814.49 4808.17
25.00 4750.04 25.00 4750.76
30.00 4727.33 30.00 4726.58
35.00 4718.12 4720.19 35.00 4718.12 4719.43
40.00 4714.81 40,0) 4712.49
45.00 4711.25 45.00 4710.47
50.00 4710.55 4710.94 50o00 4710o55 4710.16
55.00 4710.55 55.00 4(09.77
65.00 4709.38 4710.70 65.00 4705.47 4710.70
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TABLE II CONTINUED

SHOT NO. 1086 SHCT NO. 1087DATE 8/26/64 DATE 8/27/64TIME OF FIRING 1405 TIME OF FIRING 1113TIME OF PROFILE 1409 TIME OF PROFILE 2155

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTW (FT) SOUND VELOCITY (FT/SEC)STA. I STA. 2 STA. I STA. 2
0.17 4923.90 0.17 4911.490.25 4918.14 0.25 4911.392.50 4915.45 2.50 4912.555.00 4913.90 5.00 4910.9810.00 4907.13 4907.23 10.00 4910.57 4910.6712.50 4902.43 12.r50 4905.9315.00 4889.20 4888.94 15.00 4890.24 4891.0220.03 4811.31 48C8.17 20.00 4814.49 4812.6525.00 4752.93 25.00 4755.0830.00 4726.58 30.00 4730.3535.00 4718.12 4719.43 35.00 47i8.89 4720.9640.00 4713.27 40.00 4715.5845.00 4711.25 45.00 4712.8050.00 4710.55 4710.94 50.00 4711.33 4714.8155.00 4709.77 55.00 4710.5565.00 4707.03 4709,92 65.00 4710.16 4713.03

SHOT NO. 1388 SHCT NO. 1089
DATE 8/27/64 DATE 82864
TIME OF FIRING 1541 TIME OF FIRING 1504TIME OF PROFILE 1535 TIME OF PROFILE 1451

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)STA. I STA. 2 STA. I STA. 2
0.17 4913.91 0.17 4911.000.25 4915.27 0.25 4911.882.50 4913.03 2.50 4911.575.03 4911.71 5.00 4910.0010.00 4910.57 4910,67 10.00 4910.08 4909.2012.50 4904.69 4904.74 12.50 4904.94 4906.2315.00 4889.20 4889.46 15.00 4889.20 4889.9820.00 4813.22 4812.65 20.00 4812.59 4813.9225.00 4752.93 25.00 4752.9330.00 4727.33 30.30 4728.0935.00 4718.12 4719.43 35.00 4718.12 4720.1940.00 4714.04 40.00 4713.2745.00 4711.25 45.00 4711.2550.00 4710.55 4710.16 50.00 4710.55 4710.9455.00 4709.77 55.00 4710.5565.00 4706.25 4709.92 65.00 4709.38 4710.70
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TABLE Ii CONTINUED

SHCT NO. 1090 SHOT NO. 1090
DATE 8/31/64 DATE 8/31/64
TIME OF FIRING 1130 TIME OF FIRING 1130
TIME OF PROFILE 1050 TIME OF PROFILE 1120

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY IFT/SEC)
STA. I STA. 2 STA. 1 STA. 2

0.17 4918.24 0.17 4919.66
0.25 4915.75 0.25 4915.75
2.50 4916.41 2.50 4915.45
5.00 4915.34 5.00 4914.86
10.00 4913.01 4912.62 10.00 4912.04 4911.65
12.50 4908.90 4908.21 12.50 4907.42 4907.71
15.00 4891.80 4893.62 15.00 4892.32 4889.98
20.00 4819,,54 4820.85 20.00 4815.76 4820.23
25.00 4757.95 25.00 4756.52
30.00 4733.34 30.00 4731.10
35.00 4722.71 4725.52 35.00 4719.66 4723.24
40.00 4717.09 40.00 4715.58
45.00 4715.12 45.00 4712.80
50.00 4712.88 4715.58 50.00 4711.33 4712.49
55.00 4711.33 55.00 4710.55
65.00 4710.16 4711.48 65.00 4710.16 4710.70

SHOT NO. 1091 SHCI NO. 1091
DATE 8/31/64 DATE 8/31/64
TIME OF FIRING 1522 TIME OF FIRING 1522
TIME OF PROFILE 1419 TIME OF PROFILE 1515

DEPTH (FT) SOUND VELOCITY (FTI/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. 1 STA. 2 STA. 1 STA. 2

0.17 4933.10 0.17 4934.00
0.25 4923.81 0.25 4924.74
2.50 4917.84 2.50 4917.37
5.00 4vib.31 5.00 4915.34
10.00 4914.95 4914.08 10.00 4913.01 4911.65
12.50 4910,37 4911.15 12.50 4907,42 4907.71
15.00 4892.84 4895.16 15.00 4891.28 4890.50
20.00 4818.28 4825.82 20.00 4815.13 4820.23
25.00 4757.23 25.00 4756.52
30.00 4734.09 30.00 4728.09
35.00 4723.47 4726.28 35.00 4718.89 4723.96
41.00 4718.66 40.00 4712.49
45.00 4713.58 45.00 4711.25
50.00 4712.88 4715.58 50.00 4710.55 4710.94
55.00 4711.33 55.00 4710.55
65.00 4710.94 4711.48 65.00 4709.38 4710.70
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TABLE h CONTINUED

SHOT NO. 1092 SHCT NO. 1093
DATE 9/ 1/64 DATE 9/ 1/64
TIME OF FIRING 1548 TIPE OF FIRING 1449
TIVE OF PROFILE I040 TIME OF PROFILE 1438

DEPTH (FT) SOUND VELOCITY {FT/SEC) DEPTH IFT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. 1 STA. 2

0.1? 4915.36 0.17 4922.02
0.45 i914.30 0.25 4916.71
2.50 4914.97 2.50 4917.84
5.00 4914.38 5.00 4915.34
10.00 4913.98 4913.11 10.00 4914.95 4913.59
12.50 49:7.42 4907.71 12.50 4907.91 4910.66
15.00 4889.72 4889.98 15.30 4892.32 4891.54
20.30 4815.13 4820.23 20.00 4815.76 4822.10
25.00 4756.52 25.00 4756.52
30.00 4728.09 30.00 4730.35
35.00 4718.89 4720.19 35.00 4718.89 4721.72
40.00 4713.27 40.00 4714.04
45.00 4711.25 45.00 4712.80
50.00 4710.55 4710.94 50.00 4710.55 4710.94
55.00 4710.55 55.00 4709.77
65.30 4709.38 4710.70 65.00 4708.60 4719.70

SHCT NO. 1093 SHOT NO. 1093
DATE 9/ 1/64 DATE 9/ 1/64
TIME OF FIRING 1449 TIME OF FIRING 1449
TIME OF PROFILE 1450 TIME OF PROFILE 1450

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. I STA, 2

0.17 4920.61 0.17
0.25 4917.19 0.25

2.50 4917.84 2.50
5.00 4915.83 5.00
10.00 4914.95 4914.08 10.00
12.50 4908.90 4894.61 12.50 4902.74
15.00 4892.84 4884.19 15.00
20.00 4815.13 4793.80 20.00 4830.13
25.00 4756.52 25.10
30.00 4727.33 30.00
35.00 4718.89 4720.96 35.00
40.00 4714.81 40.00
45.00 4711.25 45.00
50.00 4710.55 4710.94 50.00
55.00 4709.77 55.00
65.00 4708.60 65.00 4725.30
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TABLE II CONTINUED

SHCT NC* 1094 SHCT NO. 1095
DATE 9/ 2/64 DATE 9/ 2/64
TIME OF FIRING 1124 TIVE OF FIRING 1409
TIME OF PROFILE 1100 TIME OF PROFILE 1403

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. 1 STA. 2

0.17 4911.49 0.17 4919.66
0.25 4910.90 0.25 4917.66
2.50 4912.06 2.50 4914.00
5.00 4910.49 5.00 4912.44

10.00 4910.57 472.97 10.00 491i.06 4911.16
12.50 4909.39 4909.68 12.50 4910.86 4911.1515.00 4890.24 4891.02 15.00 4893.87 4893.6220.00 4815.76 4818.97 20.00 4817.65 4815.19
25.00 4756.52 25.00 4757.95
30.00 4732.59 30.00 4734.09
35.00 4720.42 4722.48 35.00 4722.71 4723.24
40.00 4717.12 40.03 4717.89
45.00 471? 80 45.00 4713.58
50.00 4716Y55 4713.27 50.00 4711.33 4716.36
55.00 4710.55 55.00 4710.55
65.00 4710.16 4711.48 65.00 4710.16 4713.03

SHOT NO. 1096 SHCT NO. 1097
DATE 9/ 3/64 DATE 9/ 4/64
TIME OF FIRING 1355 TIME OF FIRING 1223
TIME OF PROFILE 1343 TIME OF PROFILE 1208

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. 1 STA. 2

0.17 4918.71 0.17 4913.91
0.25 4913.82 0.25 4907.46
2.50 4910.11 2.50 4908.63
5.00 4909.51 5.00 4904.5610.00 4905.64 4907.23 10.00 4903.65 4905.7412.50 4906.43 4906.72 12.50 4905.93 4905.2315.00 4894.90 4897.72 15.00 4901.52 4901.7720.00 4818.28 4818.97 20.00 4821.41 4821.48

25.00 4757.23 25.00 4761.50
30.00 4731.85 30.00 4733.3435.00 4720.42 4722.48 35.00 4721.95 4724.7640.00 4716.35 40.00 4717.89
45.00 4711.25 45.00 4713.58
50.00 4710.55 4712.49 50.00 4711.33 4715.58
55.00 4713.55 55.00 4711.3365.00 4710.16 4711.48 65.00 4710.16 4711.48

84



NOLTR 67-9

TABLE II CONTINUED

SHOT NC. 1098 SHCT NC. 1098
DATE 9/ 4/64 DATE 9/ 4/64TIME OF FIRING 1540 TIME OF FIRING 1540TIME OF PROFILE 1530 TIME OF PROFILE 1535

DEPTH (FT) S(IUND VELOCITY (Fr/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. 1 STA. 2 STA. I STA. 2

0.17 4924.83 0.17 4927.620.25 4919.57 0.25 4919.572.50 4909.62 2.50 4911.085.00 4906.06 5.00 4908.0310.00 4903.65 4906.24 10.00 4904.65 4906.2412.50 4905.43 4905.73 12.50 905.43 4905.7315.00 4901.02 4892.06 15.00 4899.50 4893.1020.00 4819.54 4815.19 20.00 4822.04 4818.9725.00 4757.23 25.00 4762.9230.00 4733.34 30.00 4733.3435.00 4719.66 4721.72 35.00 4719.66 472 .7240.00 4717.12 40.00 4716.35
45.00 4711.25 45.00 4711.2550.00 4710.55 4713.27 50.30 4710.55 4712.4955.00 4710.55 55.00 4713.5565.00 4710.16 4711.48 65.00 4710.16 4711.48

SHCT NO. 1099 SHCT NO. 1100
DATE 9/ 8/64 DATE 9/ 9/64TIME OF FIRING 1443 TIME OF FIRING 1118TIME OF PROFILE 1430 TIME OF PROFILE 158

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. I STA. 2

0.17 4911.00 0.17 4903.08
0.25 4914.78 0.25 4899.462.50 4902.67 2.50 490%.66
5.00 4899.54 5.00 4898.0110.00 4899.11 4903.73 10.00 4898.10 4898.7112.50 4899.41 4899.71 12.50 4897.88 4897.68

15.00 4898.99 4898.74 15.00 4897.46 4896.70
20.00 4826.38 4827.06 20.00 4826.38 4826.4425.00 4763.62 25.00 4763.6230.00 4734.83 30.00 4734.8335.00 4724.23 4726.28 35.00 4724.99 4726.2840.00 4718.66 40.00 4718.66
45.00 4715.89 45.00 4717.4350.30 4715.20 4717.C9 50.00 4713.65 4717.1355.00 4713.65 55.00 4712.88
65.00 4710.94 4716.13 65.00 4710.94 4713.03
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TABLE II CONTINUED

SHOT NO* 1101 SHOT NO, 1101
DATE 9/ 9/64 DATE 9/ 9/64
TIME OF FIRING 1448 TIME OF FIRING 14,8
TIME OF PROFILE 1405 TIME OF PROFILE 1430

DEPTH (FT) SOUND VELOCIiY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. 1 STA. 2 STA. I STA. 2

0.17 4916.32 0.17 4918.24
0.25 4919.09 0.25 4914.78
2.50 49C01.67 2.50 4901.67
5.00 4898.52 5.00 4898.5210.00 4898.60 49C0.23 10.00 4898.60 4899,21
12.50 4898.90 4898.70 12.50 4898.90 4898.1915.00 4897.97 4896.70 15.00 4896.44 4896.1920.00 4826.38 4824.59 20.00 4125.14 4827.06
25.00 4765.03 25.00 4763.62
30.00 4734,09 30.00 4732.59
35.00 4723.47 4726.28 35.00 4720.42 4721,72
40.00 4?18.66 40.00 4718.66
45.00 4716.66 45.00 4712.8050.00 4712.88 4717.13 50.10 4711.33 4712.49
55.00 4711.33 55.30 4710.55
65.00 4710.94 4713.03 65.00 471%.16 4713.70

SHCT NO. 1102 SHCT NO. 1103
DATE 9/10/64 DATE 9/10/64
TIME OF FIRING 1142 TIME OF FIRING 1458
TIME OF PROFILE 1130 TIME OF PROFILE 1408

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STAo I STA, 2 STA. 1 STA. 2

0.17 4902.08 0.17 4917.28
0.25 4900.97 0.25 4911.39
2.50 4901.16 2.50 4901.67
5.00 4897.50 5.00 4898.5210.00 4897.59 '898.20 10.00 4898.6C 4899.21

12.50 4897.88 4895.63 12.50 4898.90 4898.70
15.00 4897.46 4895.16 15.00 4897.97 4897.72
20.00 4822.04 4827.67 20.00 4827.61 4827.67
25.00 4764.33 25.00 4765.03
30.00 4734.09 30.00 4734.83
35.30 4724.23 4725.52 35.00 4724.23 4726.28
40.00 4718.66 40.00 4718.66
45.00 4714.35 45.00 4714.35
50.00 4711.33 4712.49 50.03 4711.33 4714.8155.00 4711.33 55.00 4711.3365.00 4710.15 4710.70 65.00 4710.16 4711.48
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TABLE il CONTINUED

SHCT NO. 1103 SHCT NO. 1104DATE 9/10/64 DATE 9/11/64
rIME OF FIRING 1458 rIPE OF FIRING 1101
TIME OF PROFILE 1437 TIME OF PROFILE 1010

DEPTIH (FT) SOUND VELOCITY FT/SEC) DEPTH (FT) SOUND VELOCITY (FTI/SEC)
STA. I STAo 2 STA. 1 STA. 2

0.17 4916.80 0.17 4909.530.25 4915.75 0.25 4907.962.50" 4903.17 2.50 4908.63
5.00 4898.52 5.00 4902.0610.03 4898.10 4898.71 10.00 4899.62 4900.7312.50 4897,88 4897.68 12.50 4399.41 4899.2015.00 4897.46 4895.67 15.00 4897.97 4898.2320.00 4828.23 4827.06 20.00 4828.22- 4828.29

25.00 4762.92 25.00 4764.3330.00 4734.09 30.00 4735.5835.00 4720.42 4725.52 35.00 4722.71 4726.2840.00 4717.12 40400 4718.6t
45.00 4712.80 45.00 4716.6650.00 4711.33 4712.49 50.00 4712.88 4717.1355.00 4710.55 55.00 4711.3365.00 4710.16 4711.48 65.00 4710.94 4713.03

SHOT NO. 1104 SHOT NO. 1105
DATE 9/11/64 DATE 9/11/64
TIVE OF FIRING 1101 TIVE OF FIRING 1258
TIFE OF PROFILE 1348 TIME OF PROFILE 1246

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. I STA. 2 STA. I STA, 2

0.17 4910.51 0.17 4914.880.25 4909.92 0.25 4911.392.50 4908.63 2.50 4908.145.90 4902.56 5.00 49C2.3110.00 4899.62 4900.73 10.00 4899.11 4900.48
12.50 4899.41 4899.71 12.50 4899.41 4898.7015.00 4897.97 4898.23 15.10 4897.21 4895.1620.00 4828.23 4827.67 20.00 48?4.52 4828.9025.00 4763.62 25.00 4764.33
30.00 4735.58 30.00 4734.0935.00 4724.99 4726.28 35.00 4723.47 4724.0040.00 4719.43 40.00 4718.66
45.00 4716.66 45.00 4715.1250.00 4712.88 4717.13 50.30 4712.88 4714.0455.00 4711.33 55.00 4711.33 44
65.00 4710.94 4713.03 65.00 4709.38 471148
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TABLE II CONTINUED

SHCT NO. 1105 SHCT NO. 1106
DATE 9/11164 DATE 9/11/64
TIVE OF FIRING 1258 TIME OF FIRING 1429
TIPE OF PROFILE 1250 TIME OF PROFILE 1411

DEPTH (FT) SOUJID VELOCITY (FT/SEC) DEPTH (FT) SOUNC VELOCITY (FT/SEC)
STA. I STA. 2 STA. 1 STA. 2

0.17 4916.32 0.17 4923.90
0.25 4910.90 0.25 4916.23
2.50 4907.65 2.50 4910.11
5.00 4902.56 5.00 4903.06

10.00 4899.11 4900.23 10.00 4899.62 4900.73
12.50 4699.41 4899.20 12.50 4899.41 4899.20
15.00 4896.44 4895.93 15.00 4898.23 4897.72
20.00 4828.23 4827.67 20.00 4828.84 4828.90
25.00 4764.33 25.00 4765.03
30.00 4734.09 30.00 4734.09
35.00 4724.23 4724.00 35.00 4723.47 4726.28
40.03 4718.66 40.00 4718.66
45.00 4714.35 45.00 4716.66
50.00 4712.88 4714.04 50.00 4714.04 4714.81
55.00 4711.33 55.00 4712.88
65.00 4709.38 4711.48 65.00 4709.38 4711.48

SHCT NO. 1106 SHCT NO. 1106
DATE 9/11/64 DATE 9/11/64
TIME OF FIRING 1429 TIME OF FIRING 1429
TIME OF PROFILE 1415 TIME OF PROFILE 1418

DEPTH IFT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. 1 STA. 2 STA. I STA. 2

0,17 4923.90 0.17 4923.43
0.25 4916.23 0.25 4915.27
2.50 4909.13 2.50 4909.13
5.00 4903.06 5.00 4903.06
10.00 4900.12 4901.24 10.00 4903.12 4900.73
12.50 4900.42 4900.72 12.50 4900.42 4899.71
15.00 4897.97 4897.72 15.00 4898.48 4896.70
20.00 4823.90 4828.29 20.00 4823.28 4827.06
25.00 4764.33 25.00 4765.03
30.00 4734.09 30.00 4734.09
35.00 4722.71 4727.03 35.00 4721.95 4727.03
40.00 4718.66 40.00 4718.66
45.00 4715.12 45.03 4715.12
50.03 4713.65 4714.81 50.00 4712.88 4714.81
55.00 1.712.88 55.00 4711.33

65.00 4710.16 4713.03 65.00 4710.16 4713.81

88



NOLTR 67-9

TABLE II CONTINUED

SHOT NO. 1107 SHOT NO. 1107
DATE 9/14/64 DATE 9/14/64TIME OF FIRING 1155 TIME OF FIRING l155TIME OF PROFILE 1150 TIME OF PROFILE 1152

DEPTH (FT) SOUNU VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)
STA. 1 STA. 2 STA. 1 STA. 2

0.17 4888.22 0.17 4888.750.25 4883.37 0.25 4883.372.50 4885.68 2.50 4885.685.00 4882.91 5.00 4882.9110.00 4882.46 4883.10 0.00 4882.46 4883.1012.50 4882.77 4882.56 12.50 4882.77 4882.0215.10 4882.86 4882.06 15.00 4882.86 4881.5320.00 4832.51 4828.29 20.00 4832.20 4830.13
25.00 4765.03 25.00 4765.7330.09 4734.83 30.00 4734.0935.00 4724.23 4727.03 35.00 4724.23 4726428
40.00 4718.66 40.00 4718.6645.30 4713.58 45.00 4715.1253.30 4713.65 4715.58 50.00 4713.65 4714.8155.00 4712.88 55.00 4712.8865.00 4710.16 4713.81 65.00 4710.16 4713.03

SHCT NO. 1106 SHCT NO. 1108
DATE 9/14/64 DATE 9/14/64
TIME OF FIRING 1330 TIME OF FIRING 1333TIME OF PRUFILE 1325 TIM0E OF PROFILE 1329

DEPTH (FT) SOUND VELOCITY (FTI/SEC) DEPTH (FT) SOUND VELOCITY (FT/SEC)STA. I STA. 2 STA. I STA. 2

0.17 4889.79 0.17 4892.910.25 4883.90 0.25 4883.902.50 4886.21 2.50 4886.48
5.00 4883.45 5.00 4883.9810.00 4883.00 4883.63 10.00 4883.00 4883.3712.5) 4882.77 4882.02 12.50 4883.33 4882.5615.00 4882.86 4881.80 15.00 4863.40 4881.5320.00 4129.45 4832.57 20.00 4830.07 4830.13

25.00 4765.73 25.1)0 4765.3830.00 4734.09 30.10 4735.5835.01 4723.47 4727.03 35.30 4124.23 4,( &.03
40.00 4718.66 40.00 4718.6645.00 4715.12 45.00 4715.1250.00 4713.65 4714.81 50.30 4713.65 4714.8155.00 4712.88 55.30 4712.8865.30 4710.16 4713.03 65.00 4710.16 4713.03
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TABLE '. CONTINUED

SHOT NO. 1109 SHOT NO. 0

DATE 9/14/64 DATE 9/15/64

TIME OF FIRING 1513 TiFE OF FIRING 0

TIME OF PROFILE 1505 TIME OF PROFILE 823

DEPTH (FT) SOUND VELOCITY (FT/SEC) DEPTH (FT) SOUND VELOCITY (FTISEC)
STA. I STA. 2 STA. I STA. 2

0.17 4892.39 0.17 4878.66

0.25 4888.64 0.25 4878.55

2.50 4886.21 2.50 4880.36
5.00 4884.24 5.30 4879.71
0.00 4883.26 4883.63 10.30 4878.71 4878.82
12.50 4883.30 4882.56 12.50 4878.48 4878.27

15.00 4883.13 4882.06 15.00 4818.58 4878.85

20.00 4829.76 4820.29 20.00 4831.29 4828.29
25.00 4765.73 25.00 4765.73
30200 4734.83 30.00 4736.32
35.00 4723.85 4725.52 35.03 4725.75 4727.79

40.00 4718.66 40.00 4719.43

45.00 4715.12 45.00 8.

50.00 4713.65 4714.81 50.00 4712.88 4717.13

55.00 4712.88 55.00 4712438

65.00 4710.16 4713.03 65.00 4710.16 4713.03

SHOT NO. 
SHOT NO. 0

DATE 9/15/64 DATE 9/15/64
DATE 915/64TIME OF FIRING

TIME OF FIRING 0 TIME OF PROFILE 1015

TIVE OF PROFILE 1005

DEPTH (FT) SOUND VELOCITY (FTI/SEC) DEPTH (FT) SOAND VELOCITY (FTSEC)

STA. I STA, 2 STA. 1 STA. 2

0.17 4881.88 0.17 4882.41

0.25 4879.63 0.25 4879.09

2.50 4880.90 2,50 4880.36

5.00 4879.71 5.30 4879.71
10.00 4878.11 4879.36 10.00 4878.71 4878.28
1250 4878.48 4878.81 12.50 4878.48 .878.81

15.00 4878.58 4878.85 15.00 4878.58 4878.85

20.00 4831.29 4831.96 20.00 4831.29 4830.13
25.00 4765.73 25.00 4765.73
30.30 4735.58 30.00
35.00 4724.99 4727.79 35.00 4724.99 4726.28

3-40.)099 19.43 40.00 4719.43
45.00 4717.43 45.00 4717.43
50.00 4712.88 4717.89 50.00 4712.88 4714.81

55.00 4712.88 55.00 4712. 8

65.00 4710.94 4713.03 65.00 4710.16 4711.48
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TABLE I! CONTINUED

SHOT NCO. 0 SHOT NO. 0
DATE 9/15/64 DATE 9/15/64
TIME OF FIRING 0 TIME OF FIRING 0
TIME OF PROFILE 1112 TIME OF PROFILE 113C

DEPTH (FT) SOUND VELOCITY (FTI/SEC) PEPTH (FT) SOUND VELOCITY (FT/SEC:
STAo I STA. 2 STA. 1 STA. 2

0.17 4883.47 0.17 4882.41
0.25 4879.63 0.25 4879.63
2.50 4880.90 2.50 4880.90
5.00 4880.24 5.00 4880.24

10.00 4878.71 4878.82 10.00 4878.71 4878.82
12.50 4879.02 4878.81 12.53 4878.48 4878.81
15.00 4878.58 4878.85 15.00 4878.58 4878.85
20.00 4833.11 4834.39 20.00 4830.68 4832.57
25.00 4768.54 25.03 4767.14
30.00 4735.58 30.00 4737.07
35.00 4724.99 4726.28 35.00 4724.99 4727.03
40.00 4718.66 40.00 4719.43
45.00 4715.89 45.00 4716.66
50.00 4712.88 4715.58 50.00 4712.88 4717.13
55.00 4712.88 55.00 4712.88
65.00 4710.16 4711,48 65.00 4710.16 4711.48

SHOl1 NO. 0
DATE 9/15/64
TIME OF FIRING 0
TIPE OF PROFILE 1206

DEPTH (FT) SOUND VFLOCITY (FT/SEC)
STA. I STA. 2

0.17 4868.22
0.25 4884.96
2.50 4881.43
5.00 4879.71
10.00 4878.71 4878.82
12.50 4878.48 4878.27
15.00 4878.58 4878.31
20.00 4830.68 4832.57
25.00 4767.14
30.00 4736.69
35.00 4724.99 4727.03
40.00 4718.66
45.00 4716.28
50.00 4713.65 4714.81
55.00 4712.88
65.00 4710.94 4713.03
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TABLE IV. MAXIMUM PEAK PRESSURE AMPLIFICATION FACTOR AND
CAUSTIC THICKNESS FROM F vs z - z CURVESpc

Ave. Charge Horizontal Ave. Charge F ) T Tz

Charge Depth Range Caustic Diam. Charge
Weight Depth Diam.

(ib) (ft) (ft) (ft) (ft) (ft

53.4 35 300 42.4 1.000 3.7 2.92 2.9

8.1 39.7 0.542 4.4 1.56 2.9

i.o6 38.2 0.271 4.2 0.68 2.5

0.122 40.2 0.135 5.1 0.68 5.0

8.3 35 230 34.3 0.542 5.2 1.04 1.9

1.O6 32.8 0.271 4.7 1.16 4.3

0.122 33.3 0.135 4.8 0.74 5.5

8.4 35 190 29.3 0.542 4.9 0.98 1.8

o.2.2 29.1 0.135 5.8 0.71 5.3

8.1 25* 300 59.4 0.542 4.7 -- --

1.06 59.3 0.271 5.1 .--

8.1 50 300 27.5 0.542 4.6 0.84 1.6

1.o6 27.2 0.271 4.4 -- --

0.122 29.0 0.13 5.1 0.97 7.2

* Excluding the three shallow layer shots.
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